The high penetration of distributed energy resources (DERs) in the distribution system brings new challenges related to voltage variations and reverse power flow. The sudden changes in electric power generation from the DERs due to climate conditions or their internal malfunction might cause high fluctuations in system voltage. To enhance the voltage stability when a disturbance occurs, this paper proposes a new reactive power management method to control each DER based on voltage sensitivity analysis. The voltage variation has the different features in both steady-state and transient conditions. In particular, its transient behavior depends on the type of DERs. Therefore, the particular optimal control for improving the dynamic response of voltage is difficult to apply for all types of DERs. In contrast, the voltage variation in steady-state can be controlled with the reactive power management by the sensitivity analysis between reactive power generation and system voltage. Even though this paper focuses on the reduction of voltage variation in steady-state, the relationship between the voltage variations in steady-state and transient conditions is also analyzed. The effectiveness of the proposed method is verified with several case studies on the practical distribution system in South Korea by using the time-domain simulation based on the PSCAD/EMTDC ® software. The results show that the proposed reactive power management method can improve the dynamic voltage responses in both steady-state and transient conditions when the distribution system has the high penetration of renewables.
Introduction
Recently, to accommodate the large amount of distributed energy resources (DERs), the new transmission system of 70 kV is under construction in South Korea. With this new medium-voltage transmission system, much more wind and solar farms can be interconnected. Nevertheless, there still exist some challenges in distribution systems even though this system alleviates its congestion. In particular, many connections of DERs to a distribution system might cause several serious problems such as voltage rise [1] , overloading of feeder [1, 2] , abnormal protective coordination [3] , and frequent operation of on-load tap changer (OLTC) of transformers [4, 5] . Among them, the voltage response is the most critical factor to increase the hosting capacity of DERs.
Many reactive power control methods for DERs to mitigate the voltage variation have been reported in the literature. The Q(V) droop control has been widely used for the reactive power management of DERs [6] [7] [8] [9] . This method is characterized in that the required reactive power is
Minimization of Voltage Variation by Voltage Sensitivity Analysis
The purpose of this section is to derive the equations for sensitivity analysis, which are used to minimize the voltage variations by the proposed method. First, Section 2.1 defines the measurement of voltage variation in steady-state and transient conditions. To minimize the value of voltage variation, indicators are defined in Section 2.1. The equations of the proposed method by using the voltage sensitivity analysis are derived in Section 2.2.
Measurement of Voltage Variation
When the power fluctuation occurs in the distribution system, two factors, R ss and R trans in Equations (1) and (2) can be used to measure the voltage variation in steady-state and transient conditions, respectively. They are calculated as
V rated × 100 (1)
where V s1 and V s2 represent the steady-state voltages before and after the system disturbance, respectively. V max and V min are the maximum and minimum voltages during the transient period, respectively. V rated is the rated voltage of distribution system, to which the DERs are connected. During the events such as the DER's sudden re-connection or disconnection, this study aims to minimize the voltage variation of system. In particular, the instances when the power generation from DERs suddenly stops due to the rapid weather change are focused. This is because the re-connection of new DERs to the distribution system does not cause the serious voltage variations by their ramp-rate control, which limits the rate of change in the magnitude of active power.
Reactive Power Management Based on Voltage Sensitivity Analysis
The voltage sensitivity analysis has been used for preventing overvoltage in the lines [7] and determining the operation set-point of ESS [21] [22] [23] [24] . In this study, the values of R ss and R trans in Equations (1) and (2) are minimized by using the voltage sensitivity analysis when the several DERs are disconnected simultaneously. In particular, the value of R trans mainly depends on the type of DER because the transient phenomena are reflected [25] . Also, it is further increased as the difference between V s1 and V s2 become larger. Thus, the corresponding voltage variation can be minimized by the proper reactive power compensation of DERs to make V s1 and V s2 equal as 
where P i and Q i are the active and reactive powers at bus i. V i and V j are the voltage magnitudes at buses i and j, respectively. δ i and δ j are the voltage phase angles at buses i and j, respectively. Y ij ∠θ ij is the admittance of line from bus i to bus j. To generate ∆V s1 k,Q
and ∆V s2 k,Q
, the relation between the reactive power output of DER and the voltage deviation must be defined. Then, the voltage sensitivity matrix (S ∈ R 2n×2n ) gives the quantitative expression for this relation, and it can be derived by solving the non-linear power flow in Equations (4) and (5) by using the Newton-Raphson method.
where S VP and S VQ are the sensitivities of bus voltage magnitudes with respect to the active and reactive powers, respectively. S θP and S θQ are the sensitivities of bus voltage angles (S VP , S VQ , S θP , S θQ ∈ R n×n ). Variables, n and k denote the number of entire buses and the bus, to which the DER is connected, respectively. Please note that the only information of ∆V (∈ R n×1 ) is required to implement the proposed reactive power management method. In other words, the angle information is not necessary. Furthermore, the ∆V can be separated into the generation and load deviations. Accordingly, the required voltage deviations at buses with DER connections can be obtained as
where ∆V DG is the required voltage deviations in the buses, where the DERs are connected. ∆P k,DG and ∆Q k,DG are the additional active and reactive power generation at bus k. ∆P k,Load and ∆Q k,Load are the real and reactive power variations of load at bus k, respectively. The matrices, S DG (∈ R k×2k ) and S Load (∈ R k×2n ) are the re-constructed matrices from S, and they are expressed as 
where S VP DG and S
VQ DG
(∈ R k×k ) are the submatrices of S DG , which are the active and reactive power sensitivities with respect to the voltage, respectively. S
VP Load
and S
VQ Load
(∈ R k×n ) are the submatrices of S Load , which are the sensitivities to the real and reactive power variation of load. Also, the subscripts express the element in each submatrix. In this paper, because ∆V DG is mainly associated with the reactive power output from DERs, the submatrix, S VQ DG is focused. Then, ∆V DG is re-arranged as
where ∆Q DG (∈ R k×1 ) represents the reactive power generation of buses, to which the DERs are connected. In addition, the power factor of system is assumed to remain constant when the DER is disconnected in bus k. Then, it can be expressed as
where P s1 k and P s2 k are the active power generation at bus k, and ∆Q s1 k and ∆Q s2 k are the reactive power generation at bus k, before and after the DER is disconnected, respectively. By considering (10) , the relation between ∆Q s1 k and ∆Q s2 k can be derived as
where A (∈ R k×k ) is the diagonal matrix with diagonal component, a k , which is the ratio of active power generation at bus k. For example, if all DERs are disconnected at bus k, the value of a k becomes 0. ∆Q s1 DG and ∆Q s2 DG are the reactive power generation of buses, to which DERs are connected, before and after the DERs disconnection, respectively. Consequently, from Equations (3), (9) , and (11), the reactive power compensation, ∆Q s1 DG and ∆Q s2 DG by the proposed method is finally calculated as . Also, V s1 P and V s2 P (∈ R k×1 ) are the bus voltages with DER in the condition generating active power before and after it is disconnected, respectively.
Implementation of the Proposed Method in Practical Distribution System
After deriving the equations for the proposed method in Section 2, the following sub-section shows how to implement the proposed method with two phases. Then, the distribution system is modeled to verify the effectiveness of the proposed method. In particular, the practical distribution system of South Korea is described in Section 3.2. Also, the PQ-diagram of generators is described in Section 3.3. Case studies, which will be carried out in Section 4, are described in Section 3.4.
Implementation of the Proposed Reactive Power Management Method
The procedure to implement the proposed reactive power management method based on the voltage sensitivity analysis is shown in Figure 1 . It consists of two phases. In the first phase, the system configuration of distribution system, the type of DERs, and their locations are firstly investigated. Also, the climatic conditions of given distribution area are considered. Then, it is possible to make all cases for the disconnection of DERs because the power outputs from PV and wind turbine depend on these environmental conditions. In particular, assume that many DERs are connected to the specific distribution line. If the serious fault occurs at this distribution line, these DERs might be disconnected simultaneously. In case of abnormal conditions, all the required actions are taken by the second phase of the proposed method. The second phase determines the proper reactive power generation for each DER by the voltage sensitivity analysis. It verifies all possible cases, and it calculates R trans at the buses with DER in the distribution system. In South Korea, the technical regulation of DER interconnection to the distribution system requires R trans to be less than 3% of its nominal value. If it exceeds 3%, the grid reinforcement or active power curtailment of each DER is unavoidable. After the proposed method checks whether R trans satisfies this requirement, it commands the DERs to produce the reactive powers, ∆Q s1 DG,j and ∆Q s2 DG,j , by which the R trans for the possible DERs disconnection is minimized. Then, when the system condition due to the disconnection of DERs is changed, the proposed method directly updates the matrices of ∆Q DG,j only mean the total reactive power generations at buses, DERs of each bus should share the reactive power generation. Therefore, the proposed method distributes the total reactive powers to each DER of the bus in proportion to capacity of each DER.
Distribution System with High Penetration Level of DER
The effectiveness of the proposed reactive power management method is verified by the several case studies on the practical "Y" distribution system in South Korea, as shown in Figure 2 . The substation of 154/22.9 kV consists of two 45/60 MVA main transformers. There are two special lines (S1 and S2), which are used for the purpose of connecting DERs without load. In contrast, the general lines (G1 to G5) are used for both generation and load (L1 to L5) consumption. The power capacity of special lines and general lines are 20 MVA and 10 MVA, respectively. The PV generators (PV1 to PV5) are connected to the general lines while wind turbine generators (WT1 and WT2), which are doubly fed induction generators (DFIGs), are connected to the special lines. 
The effectiveness of the proposed reactive power management method is verified by the several case studies on the practical "Y" distribution system in South Korea, as shown in Figure 2 . The substation of 154/22.9 kV consists of two 45/60 MVA main transformers. There are two special lines (S1 and S2), which are used for the purpose of connecting DERs without load. In contrast, the general lines (G1 to G5) are used for both generation and load (L1 to L5) consumption. The power capacity of special lines and general lines are 20 MVA and 10 MVA, respectively. The PV generators (PV1 to PV5) are connected to the general lines while wind turbine generators (WT1 and WT2), which are doubly fed induction generators (DFIGs), are connected to the special lines. The specific parameters for "Y" substation are given in Table 2 . For the purpose of simulating the high penetration of DERs, the capacity of PV generators and Type 3 wind turbine generators is modeled to be the same as the capacity of general lines and special lines. Also, the minimum load of the substation is selected to further increase the impact of DERs in voltage variations. The power factor of total load is assumed to be 0.99. The specific parameters for "Y" substation are given in Table 2 . For the purpose of simulating the high penetration of DERs, the capacity of PV generators and Type 3 wind turbine generators is modeled to be the same as the capacity of general lines and special lines. Also, the minimum load of the substation is selected to further increase the impact of DERs in voltage variations. The power factor of total load is assumed to be 0.99. 
Maximum Reactive Power Generation of DER
The main contribution of the proposed method is to systematically assign the reactive power set-points to each controller of generators. Therefore, the dynamics of generators and the controller behavior are not mainly considered in this paper. The converter parameters and controller gains are given in the Appendix A. The maximum reactive power generation of DERs is limited by its rated apparent power and the amount of active power generation. Intermittent active power generation of DERs can influence the maximum reactive power generation. The maximum reactive power generation can be calculated as
where Q max is the maximum reactive power generation, S rated is the rated apparent power of inverter and P DG is the active power generation of the DERs, respectively. P max is the maximum active power generation of DERs. In the paper, the capacity of inverter is set to 1.1 times the P max to maintain reliable reactive power generation. Also, it is noted that all DERs in "Y" substation generate the P max .
The PQ-diagram of DERs is shown in Figure 3 .
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where max Q is the maximum reactive power generation, rated S is the rated apparent power of inverter and DG P is the active power generation of the DERs, respectively. max P is the maximum active power generation of DERs. In the paper, the capacity of inverter is set to 1.1 times the max P to maintain reliable reactive power generation. Also, it is noted that all DERs in "Y" substation generate the max P . The PQ-diagram of DERs is shown in Figure 3 . 
Cases Studies
The cases for disconnection of DERs must be considered before the proposed method calculates the values of Q for the "Y" substation. The possible cases for the application to this study are given in Table 3 . They are selected to check the voltage stability of substation during transient period. For Cases 1 and 2, the DFIGs (WT1 and WT2) and PVs (PV1 to PV5) can be stopped or disconnected from the distribution system. In particular, Case 3 describes the simultaneous disconnection of both the DFIGs and PVs. Likewise, the system operator can determine the cases depending on the grid condition. It could be helpful to review the cases as many as possible. 
The cases for disconnection of DERs must be considered before the proposed method calculates the values of ∆Q s1 DG and ∆Q s2 DG for the "Y" substation. The possible cases for the application to this study are given in Table 3 . They are selected to check the voltage stability of substation during transient period. For Cases 1 and 2, the DFIGs (WT1 and WT2) and PVs (PV1 to PV5) can be stopped or disconnected from the distribution system. In particular, Case 3 describes the simultaneous disconnection of both the DFIGs and PVs. Likewise, the system operator can determine the cases depending on the grid condition. It could be helpful to review the cases as many as possible. 
Simulation Results

Case 1
When several DERs are disconnected at the same time, the simulation results are given to validate the proposed reactive power management method which minimizes the voltage variation. In detail, when the WT1 and WT2 are disconnected simultaneously at 1 s, the voltage variation in transient condition is shown in Figure 4 while the DERs do not generate reactive power. The values of R ss and R trans in bus 2 are 1.06% and 2.10%, and those in bus 3 are 0.97% and 1.99%, respectively. On the other hand, the proposed method calculates the values of reactive power compensations (∆Q s1 DG,j and ∆Q s2 DG,j ) by Equation (13) . Then the proposed method also distributes the reactive power generations to DERs in each bus in proportion to the capacity of each DER by Table 1 . In this case, total reactive power generations for each bus are 5.61 MVAR and 4.15 MVAR, respectively. After distributing the reactive power generations, the R ss and R trans can be significantly reduced as shown in Figure 5 . The values of R ss in buses 2 and 3 in Figure 2 are 0% and 0.01%, and the values of R trans are 1.24% and 1.22%, respectively. The reason the values of R trans for both buses are similar is because the identical type of DERs with the same capacity has disconnected. The results are summarized in Table 4 .
To verify the validity of the proposed method, its performance is compared with those of the other three reactive power generation methods in Table 5 . When WT1 and WT2 are disconnected at the same time, four methods generate the different reactive power outputs at buses 2 and 3. The Q(V) droop control (Method 2) determines the required reactive power according to the voltage state at the PCC, and its characteristic of the droop curve is depicted in [6] . The cos (P,V) method (Method 3) [7] , which is the combination of the Q(V) control and PF(P) control, is also applied. Also, the constant power factor method (Method 4) is conducted, and its power factor is set to 1 to simulate the results without the reactive power compensation. As mentioned above, the proposed method determines the reactive power compensations at buses 2 and 3 as 5.61 MVAR and 4.15 MVAR. The Q(V) droop control determines the reactive power generations at buses 2 and 3 as 2.22 MVAR and 1.02 MVAR, respectively. Also, the cos (P,V) method outputs the reactive powers, at buses 2 and 3 as 7.12 MVAR and 5.70 MVAR, respectively. Finally, the constant power factor method outputs the zero reactive powers at buses 2 and 3. Table 4 .
To verify the validity of the proposed method, its performance is compared with those of the other three reactive power generation methods in Table 5 . When WT1 and WT2 are disconnected at the same time, four methods generate the different reactive power outputs at buses 2 and 3. The Q(V) droop control (Method 2) determines the required reactive power according to the voltage state at the PCC, and its characteristic of the droop curve is depicted in [6] . The cos (P,V) method (Method 3) [7] , which is the combination of the Q(V) control and PF(P) control, is also applied. Also, the constant power factor method (Method 4) is conducted, and its power factor is set to 1 to simulate the results without the reactive power compensation. As mentioned above, the proposed method determines the reactive power compensations at buses 2 and 3 as 5.61 MVAR and 4.15 MVAR. The Q(V) droop control determines the reactive power generations at buses 2 and 3 as 2.22 MVAR and 1.02 MVAR, respectively. Also, the cos (P,V) method outputs the reactive powers, at buses 2 and 3 as 7.12 MVAR and 5.70 MVAR, respectively. Finally, the constant power factor method outputs the zero reactive powers at buses 2 and 3. 
Method Reactive Power Generation
Cos (P,V) method 4
Constant power factor method (cosφ = 1) Total reactive power outputs from the DERs by four methods are shown in Figure 6a . Then, Figure 6b clearly shows the relationship between R ss and R trans , where the R trans gets smaller as the value of R ss goes to zero. In other words, both voltage variation can be minimized when R ss is zero. Consequently, this result shows that the proposed method provides the very powerful solution to minimize the voltage variation for the severe contingency such as the sudden disconnection of DERs. 
Case 2
Likewise, in Case 1, the performance of the proposed method is evaluated when PV generators are disconnected for Case 2. The results are shown in Figures 7 and 8 , where entire PV generators in the "Y" substation are simultaneously disconnected at 1 s. Figure 7 shows the voltage variations in transient condition when the DERs do not generate reactive power. The values of ss R and trans R in bus 2 are 0.23% and 1.71%, and those in bus 3 are 0.16% and 1.44%, respectively. In the same manner, the proposed method calculates the reactive power generations to DERs by Equation (13) and Table 1 . In this case, total reactive power generations for each bus are 1.02 MVAR 
Likewise, in Case 1, the performance of the proposed method is evaluated when PV generators are disconnected for Case 2. The results are shown in Figures 7 and 8 , where entire PV generators in the "Y" substation are simultaneously disconnected at 1 s. Figure 7 shows the voltage variations in transient condition when the DERs do not generate reactive power. The values of R ss and R trans in bus 2 are 0.23% and 1.71%, and those in bus 3 are 0.16% and 1.44%, respectively.
In the same manner, the proposed method calculates the reactive power generations to DERs by Equation (13) and Table 1 . In this case, total reactive power generations for each bus are 1.02 MVAR and 0.47 MVAR, respectively. After distributing the reactive power generations, the R ss and R trans can be significantly reduced as shown in Figure 8 . The values of R ss in buses 2 and 3 are 0.02% and 0%, and the values of R trans are 1.66% and 1.33%, respectively. The voltage variations in Figure 8 is not much different from that shown in Figure 7 . The reason is that the R ss of Figure 7 is close to zero without the reactive power compensation. Bus 2 has the higher rate of R trans than that of bus 3 because the larger amount of DER is disconnected in bus 2. The results are summarized in Table 6 .
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. Like Case 1, four methods are simulated with different reactive power generations at buses 2 and 3, and the disconnection of PV generators occurs at the same time for each method. The proposed method determines the reactive power generations at buses 2 and 3 as 1.02 MVAR and 0.47 MVAR, respectively. The Q(V) droop control determines the reactive power generations at buses 2 and 3 as 2.22 MVAR and 1.02 MVAR, respectively. Also, the cos (P,V) method outputs the reactive powers, at buses 2 and 3 as 7.12 MVAR and 5.70 MVAR, respectively. Finally, the constant power factor method outputs the zero reactive powers at buses 2 and 3.
Total reactive power outputs from the DERs by four methods are shown in Figure 9a . Also, it is observed from the result of Figure 9b that the excessive reactive power compensation does not always contribute the voltage stability of the system. The method 3 of Figure 9b has the highest value of voltage variation even though the DERs generate the largest amount of reactive power. These results show that the proposed method yields the best voltage stability among four methods with the minimum reactive power generation. The validity of the proposed method is verified for the same type of the DERs disconnection in Cases 1 and 2.
voltage variation even though the DERs generate the largest amount of reactive power. These results show that the proposed method yields the best voltage stability among four methods with the minimum reactive power generation. The validity of the proposed method is verified for the same type of the DERs disconnection in Cases 1 and 2. 
Case 3
Finally, the proposed method is applied to the simultaneous disconnection of the DFIGs and PVs. The total disconnection capacity of the DERs is same with Case 1. On the other hand, ss R and Also, similarly to Cases 1 and 2, total reactive power generations for each bus are 1.55 MVAR and 4.14 MVAR, respectively. After distributing the reactive power generations, the ss R and trans R can be significantly reduced as shown in Figure 11 . The ss R becomes zero, and the values of trans R in buses 2 and 3 are successfully minimized by the proposed method. The results are summarized in Table 7 . 
Finally, the proposed method is applied to the simultaneous disconnection of the DFIGs and PVs. The total disconnection capacity of the DERs is same with Case 1. On the other hand, R ss and R trans are unequal to the those of values in Case 1 because of the different voltage sensitivities of DFIGs and PVs relative to the main transformer. The results are shown in Figures 10 and 11 , where the PV1, PV2, and WT2 in the "Y" substation are disconnected simultaneously at 1 s. Figure 10 shows the voltage variations in transient condition when DERs do not generate reactive power. The values of R ss and R trans in bus 2 are 0.33% and 1.36%, and those in bus 3 are 0.87% and 1.89%, respectively. Also, similarly to Cases 1 and 2, total reactive power generations for each bus are 1.55 MVAR and 4.14 MVAR, respectively. After distributing the reactive power generations, the R ss and R trans can be significantly reduced as shown in Figure 11 . The R ss becomes zero, and the values of R trans in buses 2 and 3 are successfully minimized by the proposed method. The results are summarized in Table 7 . Like Cases 1 and 2, four methods are simulated with different reactive power generations at buses 2 and 3. The proposed method generates the reactive power compensations at buses 2 and 3 as 1.55 MVAR and 4.14 MVAR, respectively. The Q(V) droop control determines the reactive power generation at buses 2 and 3 as 2.22 MVAR and 1.02 MVAR, respectively. Also, the cos (P,V) method outputs the reactive powers, at buses 2 and 3 as 7.12 MVAR and 5.70 MVAR, respectively. Finally, the constant power factor method outputs the zero reactive powers at buses 2 and 3.
The total reactive power outputs from the DERs by four methods are shown in Figure 12a . Also, it is observed from the result of Figure 12b that the proposed method guarantees the smallest values of R ss and R trans . In summary, the result of Case 3 shows that the proposed method is still valid to enhance the voltage stability even if different kinds of DERs are simultaneously disconnected. Consequently, the effectiveness of the proposed method is verified by all cases. Like Cases 1 and 2, four methods are simulated with different reactive power generations at buses 2 and 3. The proposed method generates the reactive power compensations at buses 2 and 3 as 1.55 MVAR and 4.14 MVAR, respectively. The Q(V) droop control determines the reactive power generation at buses 2 and 3 as 2.22 MVAR and 1.02 MVAR, respectively. Also, the cos (P,V) method outputs the reactive powers, at buses 2 and 3 as 7.12 MVAR and 5.70 MVAR, respectively. Finally, the constant power factor method outputs the zero reactive powers at buses 2 and 3.
The total reactive power outputs from the DERs by four methods are shown in Figure 12a . Also, it is observed from the result of Figure 12b that the proposed method guarantees the smallest values of ss R and trans R . In summary, the result of Case 3 shows that the proposed method is still valid to enhance the voltage stability even if different kinds of DERs are simultaneously disconnected. Consequently, the effectiveness of the proposed method is verified by all cases. 
Total Harmonic Distortion of System
As the penetration of power converter-based DERs increases, the total harmonic distortion (THD) of the system could be worsen. Therefore, the THD of the proposed method should be compared with the other methods in Table 5 . It is noted that the harmonic current injection at the PCC shall not exceed the 5% of fundamental current [11] . The THD of injected current can be defined as
where h is the harmonic order, I h is the harmonic current and I 1 is the fundamental current. The THDI of the "Y" substation is calculated at bus 2, because it has a higher penetration of DERs than that of bus 3. The comparison results for all case studies are given in Table 8 . The results show that the proposed method has the similar performance as other methods. Also, the THDI of the proposed method is within 5% for all cases. 
Changes of Voltage Sensitivity of System
As mentioned before, numerous situations of DER disconnection were simulated to prove the performance of the proposed method. However, the voltage sensitivity of the "Y" substation with respect to the reactive power generation of DERs is not changed in the previous cases. To verify the effectiveness of the proposed method when voltage sensitivity varies with respect to reactive powers, several load changes are assumed in the "Y" substation, as shown in Figure 13 . Total sum of initial real and reactive loads is set to 29 MW and 4.15 MVAR, respectively, as described in Table 2 . First, the total load is increased to 38 MW and 5.41 MVAR at 1 s. Then, the load is decreased to 35 MW and 4.98 MVAR at 3 s, respectively. The disconnection of DERs occurs twice after each load change, as shown in Figure 13 . PV2, PV3 and PV4 are disconnected at 2 s, and WT1 and WT2 are disconnected at 4 s. Please note that the transformer tap changer regulates the system voltage closer to 1 pu before the first disconnection occurs at 2 s. The proposed reactive management method recalculates voltage sensitivity when the load changes, and it determines proper reactive power outputs to each DER. It is clearly shown that the proposed method further minimizes the voltage variation than other methods, as shown in Figure 14 . For example, for the disconnection of PV2, PV3 and PV4, the proposed method assigns the reactive power generations at buses 2 and 3 as 0.85 MVAR and 0.69 MVAR, respectively. Then, the values of R ss in buses 2 and 3 become zero, and the values of R trans are 0.94% and 0.56%, respectively. Likewise, for the disconnection of WT1 and WT2, the proposed method assigns the reactive power generations at buses 2 and 3 as 0.90 MVAR and 2.28 MVAR, respectively. Then, the values of R ss in buses 2 and 3 also become zero, and the values of R trans are 1.20% and 1.17%, respectively. Please note that the system voltage for all methods is changed after the first DERs disconnections, as shown in Figure 14a ,b. Nonetheless, the proposed method can recalculate the appropriate reactive power generations of DERs by voltage sensitivity analysis and hence it guarantees the minimum voltage variations, as shown in Figure 14c ,d. On the other hand, the performance of the other methods are inconsistent with respect to the different system condition. When the WT1 and WT2 are disconnected, the cos (P,V) method shows the best performance for minimizing voltage variations among three conventional methods. However, when the PV2, PV3 and PV4 are disconnected, the cos (P,V) method shows the worst performance for minimizing voltage variations. The results are summarized in Tables 9 and 10 . 
Increase of Penetration of DERs with Proposed Method
In South Korea, the voltage variation by DERs disconnection is the critical factor when the system operator allows DERs interconnection. Please note that the Rtrans should be less than 3%. In [25] , the DFIGs have higher value of Rtrans than that of PV generators with the same penetration level. The penetration level of DERs can be defined as. 
In South Korea, the voltage variation by DERs disconnection is the critical factor when the system operator allows DERs interconnection. Please note that the R trans should be less than 3%. In [25] , the DFIGs have higher value of R trans than that of PV generators with the same penetration level. The penetration level of DERs can be defined as.
Penetration level (%) =
Installed DER Capacity (MVA) Trans f ormer Capacity (MVA) × 100 (16) The effectiveness of the proposed method is verified by increasing the penetration of DFIGs in the #1 Main Transformer of "Y" substation. The capacity of #1 Main Transformer is 60 MVA, and the R trans is calculated as the penetration level of DFIGs is increased up to 100%. The PV generators in #1 Main Transformer are replaced by the DFIGs to simulate the impact of penetration of DFIGs. The results are shown in Figure 15 . The effectiveness of the proposed method is verified by increasing the penetration of DFIGs in the #1 Main Transformer of "Y" substation. The capacity of #1 Main Transformer is 60 MVA, and the Rtrans is calculated as the penetration level of DFIGs is increased up to 100%. The PV generators in #1 Main Transformer are replaced by the DFIGs to simulate the impact of penetration of DFIGs. The results are shown in Figure 15 . In the penetration level of 70%, the Rtrans of constant power factor method exceeds 3%. Furthermore, the Rtrans exceeds 3% at the 80% penetration level for all control methods except for the proposed method. The proposed method keeps the Rtrans within 3% even at the 100% penetration level.
Conclusions
This paper proposed the novel reactive power management method for minimizing voltage variation based on the voltage sensitivity analysis on the practical distribution system of South Korea. The proposed reactive power management method was implemented by calculating reactive power compensation of each distributed energy resource (DER) before and after the disconnection of DERs. With the appropriate reactive power compensation to the generators, the voltage variations in both steady-state and transient conditions could be minimized.
To verify the effectiveness of the proposed reactive power management method, several case studies were conducted with consideration for the type of the DERs by using the electromagnetic transient program (EMTP) simulation. The results showed that the proposed method effectively reduced the voltage variations when compared to the conventional reactive power control methods for all cases. Also, the performance of the proposed method was still effective even though the voltage sensitivity with respect to reactive powers was changed. Furthermore, the penetration of DERs increased by using the proposed method. It minimized the voltage variations even though the penetration of DERs in substation increased. However, the recent technology such as distribution energy manage system (DEMS) is required to measure the generations and load variations. The accuracy of the proposed method can be increased as the advanced metering infrastructure (AMI) is being installed. Therefore, it is expected that the proposed method based on the voltage sensitivity analysis could enable the high penetration of DERs to distribution systems by minimizing voltage variations due to the disconnection of DERs. In the penetration level of 70%, the R trans of constant power factor method exceeds 3%. Furthermore, the R trans exceeds 3% at the 80% penetration level for all control methods except for the proposed method. The proposed method keeps the R trans within 3% even at the 100% penetration level.
To verify the effectiveness of the proposed reactive power management method, several case studies were conducted with consideration for the type of the DERs by using the electromagnetic transient program (EMTP) simulation. The results showed that the proposed method effectively reduced the voltage variations when compared to the conventional reactive power control methods for all cases. Also, the performance of the proposed method was still effective even though the voltage sensitivity with respect to reactive powers was changed. Furthermore, the penetration of DERs increased by using the proposed method. It minimized the voltage variations even though the penetration of DERs in substation increased. However, the recent technology such as distribution energy manage system (DEMS) is required to measure the generations and load variations. The accuracy of the proposed method can be increased as the advanced metering infrastructure (AMI) is being installed. Therefore, it is expected that the proposed method based on the voltage sensitivity analysis could enable the high penetration of DERs to distribution systems by minimizing voltage variations due to the disconnection of DERs. Voltage deviation provided by reactive power compensation after the DER is disconnected δ i
Abbreviations
Voltage phase angle at bus i δ j
Voltage phase angle at bus j h Harmonic order I h
Harmonic current of h th order n Number of entire buses P DG Active power generation of DERs P i
Active powers at bus i P max Maximum active power generation of DERs P s1 k Active power generation at bus k, before the DER is disconnected P s2 k Active power generation at bus k, after the DER is disconnected Q i
Reactive powers at bus i Q max Maximum reactive power generation R ss
Voltage variation in steady-state condition The V s2 at bus k V s1 k,P Voltage in the condition generating active power before the DER is disconnected V s2 k,P Voltage in the condition generating active power after the DER is disconnected V s1 P DER connected bus voltages in the condition of generating active power, before the specific DER is disconnected V s2 P DER connected bus voltages in the condition of generating active power, after the specific DER is disconnected Y ij ∠θ ij Admittance of line from bus i to j Appendix A Table A1 . Converter parameters and controller gains for PV inverter. 
Parameters of PV Inverter
